Subacute nicotine co-exposure has no effect on 2,2',3,5',6-pentachlorobiphenyl disposition but alters hepatic cytochrome P450 expression in the male rat. Polychlorinated biphenyls (PCBs) are metabolized by cytochrome P450 2B enzymes (CYP2B) and nicotine is reported to alter CYP2B activity in the brain and liver. To test the hypothesis that nicotine influences PCB disposition, 2,2 0 ,3,5 0 ,6-pentachlorobiphenyl (PCB 95) and its metabolites were quantified in tissues of adult male Wistar rats exposed to PCB 95 (6 mg/kg/d, p.o.) in the absence or presence of nicotine (1.0 mg/kg/d of the tartrate salt, s.c.) for 7 consecutive days. PCB 95 was enantioselectively metabolized to hydroxylated (OH-) PCB metabolites, resulting in a pronounced enrichment of E 1 -PCB 95 in all tissues investigated. OH-PCBs were detected in blood and liver tissue, but were below the detection limit in adipose, brain and muscle tissues. Co-exposure to nicotine did not change PCB 95 disposition. CYP2B1 mRNA and CYP2B protein were not detected in brain tissues but were detected in liver. Coexposure to nicotine and PCB 95 increased hepatic CYP2B1 mRNA but did not change CYP2B protein levels relative to vehicle control animals. However, hepatic CYP2B protein in animals co-exposed to PCB 95 and nicotine were reduced compared to animals that received only nicotine. Quantification of CYP2B3, CYP3A2 and CYP1A2 mRNA identified significant effects of nicotine and PCB 95 co-exposure on hepatic CYP3A2 and hippocampal CYP1A2 transcripts. Our findings suggest that nicotine co-exposure does not significantly influence PCB 95 disposition in the rat. However, these studies suggest a novel influence of PCB 95 and nicotine co-exposure on hepatic cytochrome P450 (P450) expression that may warrant further attention due to the increasing use of e-cigarettes and related products.
Introduction
Nicotine is a highly addictive component of cigarette smoke, e-cigarettes and other tobacco products (Yamin et al., 2010; Noel et al., 2011; Regan et al., 2013) that rapidly crosses the blood-brain barrier to upregulate cytochrome P450 enzymes (Anandatheerthavarada et al., 1993a; Miksys et al., 2000) . CYP2B6 is upregulated in the brain of human smokers (Miksys et al., 2003) , and nicotine has been reported to increase CYP2B expression in the brain of rats and non-human primates while either reducing or not changing hepatic CYP2B expression (Miksys et al., 2000; Lee et al., 2008) . These effects of nicotine on CY2B expression in the brain have been linked to altered in vivo pharmacokinetics and pharmacodynamics of the neuroactive compound propofol (Khokhar and Tyndale, 2011) .
Human CYP2B6 also metabolizes neurotoxic environmental contaminants including polychlorinated biphenyls (PCBs) (Ariyoshi et al., 1995; Warner et al., 2008) , polybrominated diphenyl ethers (PBDEs) (Feo et al., 2012) and organophosphorus pesticides (Crane et al., 2012) . CYP2B-mediated metabolism alters the neurotoxic potential of PCBs and PBDEs (Kim et al., 2011; Niknam et al., 2013) , and is important in both bioactivation and detoxification of organophosphorus pesticides (Foxenberg et al., 2011) . Collectively, these studies suggest that nicotine exposure may influence neurotoxicity by modulating CYP2B activity in the brain or liver, thereby altering toxicant levels local to cellular targets.
Here we test the hypothesis that repeated nicotine co-exposure alters the disposition of PCB 95 and its metabolites. PCB 95 was chosen for these studies because it is linked to neurotoxic outcomes in humans and rats (Pessah et al., 2010) and it is metabolized by CYP2B1 in rats (Warner et al., 2008; Lu et al., 2013) . Furthermore, PCB 95 is a chiral molecule that exists as two non-superimposable mirror images called enantiomers, and the CYP2B-mediated metabolism of PCB 95 is enantioselective (Lu et al., 2013; Kania-Korwel and Lehmler, 2015) . Thus, monitoring the enantiomeric signatures of PCB 95 and its metabolites is expected to provide a sensitive readout for investigating changes in P450 enzyme activities in the brain.
We detected PCB 95 in all tissues investigated, including the cortex and cerebellum, and observed considerable enantiomeric enrichment of the first eluting PCB 95 atropisomer; however, coexposure to nicotine did not alter PCB 95 disposition in the brain or liver. CYP2B1 mRNA and CYP2B protein were not detected in rat brain, and nicotine treatment had no significant effect on levels of CYP2B1, CYP2B3, CYP3A2 and CYP1A2 mRNA or CYP2B protein in the brain. In contrast, we observed a novel influence of PCB and nicotine co-exposure on the expression of hepatic CYP2B1 and CYP3A2 mRNA.
Material and methods

Chemicals
2,2
0 ,3,5 0 ,6-Pentachlorobiphenyl (PCB 95; 99.7% purity), 2,3,4 0 ,5,6-pentachlorobiphenyl (PCB 117; 99% purity), 2,2 0 ,3,4,4 0 ,5,6,6 0 -octachlorobiphenyl (PCB 204; 99.9% purity) and 2 0 ,3,3 0 ,4,5,5 0 -hexachlorobiphenyl-4 0 -ol (4-159, >99.9% purity) were purchased from AccuStandard (New Haven, CT, USA). 3-Methoxy-2,2 0 ,4,5 0 ,6-pentachlorobiphenyl (3-103), 2,2 0 ,3,5 0 ,6-pentachlorobiphenyl-4-ol (4-95), 2,2 0 ,3,5 0 ,6-pentachlorobiphenyl-4 0 -ol (4 0 -95), 2,2 0 ,3,5 0 ,6-pentachlorobiphenyl-5-ol (5-95) and 4,5-dimethoxy-2,2 0 ,3,5 0 ,6-pentachlorobiphenyl (4,5-95) were synthesized at >95% purity as described previously (Kania-Korwel et al., 2008; Joshi et al., 2011) . The respective chemical structures and abbreviations are shown in Fig. 1 . (À)-Nicotine hydrogen tartrate salt (98% purity; CAS number 65-31-6) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 1 H and 13 C NMR spectra confirmed that the nicotine hydrogen tartrate salt was highly pure (see Supplemental data, Figs. S1 and S2).
Animals and treatments
Animals were maintained in facilities fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, and all studies were carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health, and with regard for alleviation of pain and suffering under protocols approved by the UC Davis Institutional Animal Care and Use Committee. Adult male Wistar rats (50-55 days old; 209-270 g; Charles River Laboratories, Hollister, CA) were housed individually in standard plastic cages under controlled environmental conditions (22 AE 2 C, 40-50% humidity) with a normal 12 h light/dark cycle. Food and water were provided ad libitum.
Animals were allowed to acclimate for 48 h after delivery to the UC Davis vivarium and then randomly divided into eight experimental groups with four animals per experimental group ( (Fig. 2) .
The dose and route of administration of nicotine was based on previous studies demonstrating that daily s.c. injection with 0.3 mg/kg nicotine free base for 7 consecutive days significantly increased CYP2B1 mRNA levels in the cortex of adult male Wistar rats compared to vehicle controls (Miksys et al., 2000) . The tartrate salt of nicotine was administered at 1 mg/kg b.w. (2 mmol/kg b.w.), which translates to a dose of 325 mg/kg of nicotine as the free base (Matta et al., 2007) . This dose results in blood nicotine levels in the rat comparable to levels in human smokers following 10 cigarettes (Le Houezec et al., 1993) . The PCB 95 dose (6 mg/kg/d, which equals 18.4 mmol/kg/d) was based on our previous studies of PCB 95 enantiomeric disposition in the mouse brain (Kania-Korwel et al., 2012) . The route of administration of PCB 95 was previously described (Kania-Korwel et al., 2012) , and rats consumed the peanut butter mix within minutes.
Animals were euthanized by carbon dioxide inhalation 4 h after the last nicotine injection (approximately 28 h after the last PCB 95 administration). Blood, muscle (biceps femoris), adipose, liver, and brains were immediately collected and brains were microdissected on ice to isolate the cortex, hippocampus and cerebellum. All tissues used for analysis of tissue PCB levels were wrapped in aluminum foil, snap-frozen in liquid nitrogen and stored at À80 C until analyzed. Tissues used for qPCR and western blot analyses were stored overnight in RNAlater (Life Technologies). The following morning, samples were removed from RNAlater and stored at À80 C until further processed.
PCB and OH-PCB tissue extraction, clean-up and analysis
Tissue samples were extracted as described previously (KaniaKorwel et al., 2012) . Briefly, cortex (0.15-0.31 g), cerebellum (0.098-0.190 g), liver (0.26-0.46 g), blood (0.65-1.28 g), muscle (0.19-0.46 g), and adipose (0.040-0.080 g) samples were homogenized with pre-extracted diatomaceous earth (DE) (2 g) and placed in 33 ml size extraction cells over pre-extracted Florisil 1 (12 g).
Blood aliquots were evenly distributed on top of extraction cells containing pre-extracted Florisil and pre-extracted DE. Each batch of samples was accompanied by a method blank (DE and Florisil only, no tissue) and matrix blanks (tissue from non-PCB exposed animal). Surrogate recovery standards, PCB 117 (50 ng) and 4-159 (68.5 ng), were added to each cell. The samples were extracted using a pressurized solvent extraction system (ASE 200, Dionex 1 , Sunnyvale, CA, USA) with hexane: dichloromethane: methanol (48:43:9, v/v) as solvent at 100 C, 1500 psi (10 MPa) with preheat equilibration of 6 min, 35% cell flush volume, and 1 static cycle of 5 min. The extracts were concentrated, derivatized with diazomethane and subjected to a sulfur cleanup step (Kania-Korwel et al., 2007 .
The final organic extract was analyzed using an Agilent 7870A gas chromatograph equipped with a 63 Ni micro-electron capture detector (GC-ECD) and a SPB 1 column (60 m, 0.25 mm inner diameter, 0.25 mm film thickness; Supelco, St. Louis, MO, USA) (Kania-Korwel et al., 2012) . The injector was operated in splitless mode at a temperature of 280 C, with the detector temperature at 300 C. The temperature program started at 50 C for 1 min, then 30 C/min to 200 C, 1 C/min to 250 C, and 10 C/min to 280 C. Concentrations of PCB 95 and its hydroxylated metabolites (as methylated derivatives) were determined using PCB 204 as the internal standard. The overall recoveries of PCB 117 and 4-159 were 104 AE 39% and 65 AE 20%, respectively. Limits of detection for the quantification of PCB 95 and its metabolites in tissues are summarized in Table S1 , Supplemental data. The presence of several hydroxylated PCB 95 metabolites identified in the GC-ECD analysis (Fig. S3 ) was confirmed by gas chromatography-mass spectrometry (GC-MS) analysis, as shown in Fig. S4 .
Enantioselective analyses of PCB 95 were performed on an Agilent 7890 gas chromatograph equipped with a 63 Ni m-ECD and a Chirasil-Dex column (2,3,6-tri-O-methyl-b-cyclodextrin; 30 m, 250 mm inner diameter, 0.12 mm film thickness; Agilent, Santa Clara, CA, USA) (Kania-Korwel et al., 2012) . The following temperature program was used: initial temperature was held at 90 C for 1 min, then increased at 30 C/min to 160 C, hold for 20 min, 1 C/min to 170 C, hold for 7 min, 1 C/min to 190 C, hold for 20 min, 10 C/min to 200 C, hold for 20 min. Since the elution order of the PCB95 atropisomers is unknown, the enantiomeric fractions (EF) were calculated as EF = A1/(A1 + A2) where A1 and A2 are the peak area of the first and the second eluting PCB 95 atropisomers (Kania-Korwel et al., 2012) . The EF of racemic PCB 95 was 0.498 AE 0.007 (n = 7), with a resolution of the PCB 95 atropisomers of 0.8 AE 0.1 on the Chirasil-Dex column. Enantioselective analyses of PCB 95 in cerebellum and of OH-PCBs in all tissues investigated were not possible due to their low levels in the tissue extracts.
Preparation of microsomes from liver and cortex
Microsomes were prepared as previously described with minor modifications (Khokhar et al., 2010) . Briefly, frozen samples of liver and cortex were thawed and homogenized in buffer containing 0.1 M Tris (pH 7.4), 0.32 M sucrose, 1% EDTA and 1% dithiothreitol, using a Polytron PT 1200E tissue homogenizer (Kinematica, Bohemia, NY). The homogenate was centrifuged twice at 9000 Â g for 5 min at 4 C. The supernatant was then ultracentrifuged at 110,000 Â g for 90 min at 4 C. The resulting pellet was suspended in 0.1 M Tris buffer (pH 7.4) containing 1.15% potassium chloride, 20% glycerol, 1% EDTA and 1% dithiothreitol and stored at À80 C until further use. Microsomal protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). 
Western blot analysis of CYP2B protein
Total protein from liver and cortical microsomes (30 mg microsomal protein per lane) was separated by SDS PAGE using Bolt Bis-Tris Plus Gels (Life Technologies, Carlsbad, CA), transferred onto PVDF membranes (iBlot Transfer Stacks, Life Technologies) using the iBlot 2 dry transfer system (Life Technologies) and immunoblotted using the iBind Western System (Life Technologies). Blots were probed with 2 different CYP2B antibodies: (i) a commercially available mouse monoclonal antibody that recognizes CYP2B1/2 (10R-C154A, Batch number 91895 DM, Fitzgerald Industries International, Acton, MA) and was previously used in immunoprecipitation experiments to assess CYP2B1 activity in adult male Wistar rat brains (Khokhar et al., 2010; Khokhar and Tyndale, 2011) ; and (ii) a rabbit polyclonal anti-CYP2B IgG antibody (generously provided by Stelvio Bandiera, University of British Columbia) previously demonstrated to react with rat liver CYP2B1, CYP2B2 and a third non-inducible enzyme of the CYP2B family but not with any other rat P450 proteins (Panesar et al., 1996) . All samples were also probed with a rabbit monoclonal anti-GAPDH (2118, Lot number 8, Signaling Systems, Danvers, MA) (Siemens et al., 2011) as a loading control. The CYP2B1/2 Ab from Fitzgerald Industries was used at 1:20 dilution; the CYP2B Ab from Dr. Bandiera, at 20 mg/ml (1:130 dilution); and the anti-GAPDH at 1:200 dilution.
Antibody-antigen complexes were detected using IRDye800-conjugated goat anti-rabbit IgG (611-132-122, Lot number 23641, Rockland, Gilbertsville, PA, diluted 1:2000), to detect the rabbit anti-GAPDH and the rabbit anti-CYP2B1, and IRDye700DX-conjugated goat anti-mouse IgG (610-130-121, Lot number 13508, Rockland, diluted 1:2000) to detect the mouse anti-CYP2B1. Membranes were scanned using the Odyssey Infrared Imaging System (LI-COR) to identify immunopositive bands. Proteins were identified based on size (approximately 56 kDa for CYP2B and 37 kDa for GAPDH). Each sample was analyzed in three independent experiments, randomizing the order of sample loading each time. Samples containing only loading buffer were used as negative controls. Microsomal protein (0.13 mg/lane) from the livers of phenobarbital-induced adult male Sprague Dawley rats (Wu et al., 2011) ; and cDNA-expressed CYP2B1 (Supersomes; 456510, Corning, Woburn, MA; 3 mg/lane) were used as positive controls. Densitometric analysis of immunoblots was performed using Image Studio Lite 4.0 software (Licor Biotechnology, Lincoln, NE). Densitometric data for CYP2B immunopositive bands were normalized to GAPDH immunopositive bands from the same sample.
Quantitative polymerase chain reaction analyses
Total RNA extraction, cDNA synthesis and quantitative polymerase chain reaction (qPCR) were performed at the Real-Time PCR Research and Diagnostics Core Facility at UC Davis. Analysis of the results and quantification of gene transcript levels was performed using SDS 2.4.1 (Applied Biosystems, Carlsbad, CA) and REST 2009 software (Qiagen, Valencia, CA). Transcripts were quantified for the target genes CYP2B1, CYP2B3, CYP3A2 and CYP1A2; transcripts were also quantified for three reference genes: phosphoglycerate kinase 1 (Pgk1), peptidylpropyl isomerase A (Ppia) and hypoxanthine-guanine phosphoribosyl transferase (Hprt). The primer and probe sequences for each of these transcripts are listed in Table S2 of Supplemental data. The specificity of our primer set for CYP2B1 has been confirmed using the BLASTN function on the NCBI website (http://www.ncbi.nlm.nih.gov/tools/primer-blast), and is not predicted to amplify CYP2B2 or any other P450 of the Rattus Norvegicus species.
The expression of target genes were normalized either against Pgk1 expression alone or against the geometric mean of the expression of Pgk1, Ppia and Hprt within the same sample, and the relative expression ratios between treated and vehicle control animals were calculated by the Pfaffl method (Pfaffl, 2001) , using the REST 2009 software as previously described . A more detailed description of these methods is provided in the Supplemental data.
Statistical analysis
Treatment-related differences in the levels of the PCB 95 parent compound and hydroxylated metabolites were analyzed using Student's t-test. EF values were compared between the experimental groups and against the racemic standard using Student's t-test. Student's t-test was performed with adjustment for multiple comparisons, with p < 0.05 considered significant. Statistical analysis of the qPCR data was performed using the built-in randomization techniques of REST 2009 software as described in the Supplemental data. Densitometric data were analyzed by one-way ANOVA with Tukey's post hoc test using Graphpad Prism (v. 5.01, La Jolla, CA).
Results
Effect of nicotine co-exposure on the disposition of PCB 95
Adult male Wistar rats were co-exposed to nicotine and PCB 95 (experimental groups (i) and (ii); Fig. 2 ), and levels of the PCB 95 parent compound (Fig. 3) and its hydroxylated metabolites (Fig. 4) were quantified in cortex, cerebellum, adipose, blood, liver and muscle. The small size of the hippocampus precluded measurements of PCB 95 or its metabolites in this brain region. The parent PCB was readily detected in the cortex and cerebellum (Fig. 3A) . Co-exposure to nicotine for 7 d had no effect on the levels of the parent compound in any tissue investigated (Fig. 3A) . In both experimental groups, the levels of PCB 95 were significantly higher in adipose than in the other tissues investigated and decreased in the rank order adipose > liver > cerebellum$cortex$skeletal muscle > blood (Fig. 3A and Table S3 of the Supplemental data). These observations are consistent with previous reports indicating that the highest levels of chiral PCB congeners, including PCB 95, are found in the adipose (Birnbaum, 1983; Kania-Korwel et al., 2012) , which is the major storage site for lipophilic compounds.
No hydroxylated PCB 95 metabolites were detected in the cortex, cerebellum or skeletal muscle of animals exposed to PCB 95 in the absence or presence of nicotine. In adipose tissue, only 5-95 was detected as a minor metabolite in both experimental groups (data not shown). However, consistent with previous findings in mice (Kania-Korwel et al., 2012) , several OH-PCB metabolites were detected in the blood (Fig. 4A) and liver (Fig. 4B ) of both experimental groups, including 3-103 (1,2-shift product), 4-95, 4 0 -95, 5-95 and 4,5-95. In both groups, 4,5-95 was a major metabolite in blood (Fig. 4A) , while 4 0 -95, 5-95 and 4,5-95 were the predominant metabolites in the liver (Fig. 4B) . In addition to the OH-PCB metabolites shown in Fig. 4 , two unknown metabolites were detected in the liver in both experimental groups and in the pooled blood sample from both experimental groups (Figs. S3 and S4 of the Supplemental data). Based on their molecular weight and retention time, these metabolites are likely 3 0 -95 and 3 0 ,4 0 -95; however, neither metabolite could be unambiguously identified because authentic standards were not available. Importantly, no statistically significant differences were observed in the levels of any of the identified metabolites in blood or liver of animals co-exposed to nicotine and PCB 95 versus animals exposed to PCB 95 alone (Fig. 4A and B) .
Effect of nicotine co-exposure on the enantioselective enrichment of PCB 95
In mice, PCB 95 and its metabolites exhibit enantiomeric enrichment in the brain that is either a result of enantioselective hepatic metabolism by CYP2B1 enzymes (Kania-Korwel et al., 2012; Lu et al., 2013) or may be mediated by localized metabolism in the brain (Dutheil et al., 2010; Miksys and Tyndale, 2013) . Because changes in the enantiomeric enrichment of PCB 95 are likely sensitive to altered CYP2B expression (Lehmler et al., 2010) , we evaluated the enantiomeric enrichment of PCB 95 and its metabolites in the brain and peripheral tissues from both experimental groups dosed with PCB 95 (Fig. 2) . Enantioselective analysis for the PCB 95 parent compound on a Chirasil-Dex column revealed predominant enrichment of the first eluting atropisomer of PCB 95 (E 1 -PCB 95; E 1 and E 2 denote the elution order of the enantiomers in the enantioselective analysis), with EF values ranging from 0.84 to 0.97 ( Fig. 3B ; Table S5 ). Enrichment of E 1 -PCB 95 was confirmed by spiking samples with a low amount of PCB 95 racemic standard and reanalyzing the samples. In both experimental groups, tissue EF values for PCB 95 followed the rank order: blood (sample pooled across experimental groups) > liver$muscle (samples pooled within experimental groups) > cortex > adipose. There were no significant differences in the EF values of PCB 95 between the nicotine + PCB 95 versus saline + PCB 95 treatment groups (e.g., experimental groups (i) and (ii)).
Effect of nicotine treatment on CYP2B protein levels in rat brain or liver
To determine whether nicotine altered the expression of CYP2B protein in the brain or liver at the dose investigated, western blotting was used to quantify CYP2B proteins in microsomes isolated from the cortex and liver of animals treated with saline, nicotine, saline plus PCB 95, or nicotine plus PCB 95 (experimental groups (i)-(iv), see Fig. 2 ). Proteins at the expected molecular weight for CYP2B1/2 (56 kDa) were not detected in any cortex or liver microsomes when blots were probed with a monoclonal antibody obtained from the same source as one previously used to quantify CYP2B1 protein in the adult male Wistar brain by immunoprecipitation (Khokhar et al., 2010; Khokhar and Tyndale, 2011 ) (data not shown). This antibody also did not react with liver microsomes from phenobarbital-induced rats or with recombinant CYP2B1 (data not shown). Microsomal preparations were then probed using a different antibody previously shown to selectively recognize CYP2B1, CYP2B2 and an unidentified non phenobarbitalinducible CYP2B enzyme (Panesar et al., 1996) . This second antibody recognized recombinant rat CYP2B1 and reacted robustly with liver microsomes from phenobarbital-induced rats (Fig. 5) . This antibody also cross-reacted with proteins at $56 kDa in liver but not cortical microsomes from all four experimental groups ( Fig. 5A-C) . Densitometric analyses of CYP2B immunoreactive bands indicated that neither nicotine nor PCB 95 alone changed hepatic CYP2B levels relative to vehicle controls. However, co-exposure to nicotine and PCB 95 significantly decreased levels of CYP2B protein in liver microsomes relative to nicotine exposure alone (Fig. 5D). 3.4. Effect of co-exposure to nicotine and PCB 95 on CYP2B1 mRNA expression CYP2B1 transcripts were quantified using qPCR to further investigate whether nicotine upregulates CYP2B1 in the brain or liver using two different primer/probe sets: (i) a primer/probe set previously designed and validated in our laboratory , which was confirmed to be specific for CYP2B1 and predicted to not amplify CYP2B2 or any other P450 of the R. Norvegicus species (see Section 2.6); and (ii) a set consisting of a primer pair previously used to show nicotine-induced CYP2B1 expression in the brain (Miksys et al., 2000) , which when blasted against the R. Norvegicus genome, identified CYP2B3 as a potential non-intended target. The second primer set was combined with a probe designed in-house (Table S2 of the Supplemental data).
CYP2B1 mRNA was not detected by either CYP2B1 primer/probe set in the cortex, hippocampus or cerebellum of any experimental group (Tables 1 and 2 ), suggesting that exposure to PCB 95 or nicotine alone or in combination did not induce CYP2B1 mRNA expression in the brain. In contrast, CYP2B1 mRNA was detected in the liver of all animals across all experimental groups (Tables 1 and  2 ). Exposure to either nicotine or PCB 95 alone did not significantly change hepatic CYP2B1 transcript levels relative to vehicle controls Fig. 3 . Co-exposure to nicotine does not alter the levels and enantiomeric fractions of PCB 95 in the male rat brain or peripheral tissues. (A) Levels of the parent compound PCB 95 in the cortex and cerebellum of rats co-exposed to nicotine and PCB 95 were not significantly different than in rats exposed to vehicle (saline) and PCB 95. Similarly, nicotine co-treatment had no effect on PCB 95 levels in liver, blood, adipose or muscle (Student's t-test; p < 0.05; n = 4 animals per experimental group). Specific tissue concentrations are provided in Table S4 of the Supplemental data. (B) Nicotine co-exposure did not significantly modify PCB 95 atropisomer distribution, expressed as the enantiomeric fraction (EF) of the first-eluting atropisomer of PCB 95 on a Chirasil-Dex column relative to the two isomers combined (Student's t-test; p < 0.05; n = 4 animals per experimental group, unless otherwise noted). The first-eluting atropisomer (E 1 -PCB 95) displayed a pronounced enrichment in both experimental groups across all tissues investigated. Because of the low PCB 95 levels in blood and muscle, extracts from all blood samples (n = 8) and all muscle samples within each experimental group (n = 4 animals per experimental group) were pooled to allow EF determination in a single sample. Otherwise, all data represent the mean AE standard deviation. The dashed line corresponds to the EF of the racemic PCB 95 standard. All EF values were significantly different from the racemic standard (Student's t-test; p < 0.05). ND not detected. (Table 2) ; however, co-exposure to nicotine and PCB 95 significantly increased hepatic CYP2B1 mRNA levels (2.8-fold; p = 0.04; n = 4 animals per experimental group) relative to vehicle controls, but not relative to animals exposed to either nicotine or PCB 95 alone (Table 2) .
Effect of co-exposure to nicotine and PCB 95 on transcript levels of other P450 enzymes in rat brain and liver
To further characterize the effects of nicotine and PCB 95 on P450 mRNA expression in the brain and liver, transcript levels of additional P450 enzymes were quantified including: (i) CYP3A2 and CYP1A2, both of which have previously been implicated in the metabolism of persistent organic pollutants, including PCBs (Hrycay and Bandiera, 2003) ; and (ii) CYP2B3, which is highly homologous to CYP2B1. Both CYP2B1 and CYP2B3 are homologous (86% and 78%, respectively) to human CYP2B6. CYP2B6 has been reported to be increased in the brain of smokers in a pilot study (Miksys et al., 2003) and is thought to be involved in PCB metabolism in humans (Ariyoshi et al., 1995; Warner et al., 2008) .
CYP1A2 mRNA was detected in cortex, hippocampus and cerebellum across all eight experimental groups (Tables 1 and  2) , whereas CYP2B3 and CYP3A2 transcripts were detected only in cerebellum. Exposure to nicotine alone or in combination with PCB 95 did not alter P450 mRNA expression profiles in cortex or cerebellum (Tables 1 and 2 ). In the hippocampus, treatment with nicotine alone for 3, but not 1 or 7 consecutive days, downregulated CYP1A2 mRNA relative to vehicle control (0.54-fold decrease, p = 0.013, 95% confidence interval = 0.331-0.779; Table 1 ). Neither nicotine nor PCB 95, alone or in combination, altered hippocampal expression of CYP2B3 or CYP3A2 mRNA (Tables 1 and 2 ).
In the liver, CYP1A2, CYP2B3 and CYP3A2 mRNA was detected across all experimental groups (Tables 1 and 2 ). CYP2B3 and CYP1A2 mRNA were unchanged by exposure to nicotine or PCB 95, alone or in combination. However, co-exposure to nicotine and P CB 95 upregulated CYP3A2 transcripts relative to all other experimental conditions (Table 2) : 3.54-fold increase compared to nicotine only (p = 0.008, 95% CI: 1.790-6.441); 2.38-fold increase compared to vehicle control (p = 0.006, 95% CI: 1.187-4.911); and 1.87-fold increase compared to PCB 95 only (p = 0.04, 95% CI: 0.893-3.508). Exposure to PCB 95 alone did not change hepatic CYP3A2 mRNA relative to vehicle control.
Discussion
The goal of this study was to determine whether nicotine co-exposure modifies the enantioselective disposition of a neurotoxic PCB congener in the brain via changes in brain and/ or hepatic CYP2B levels. PCB 95 was detected in all tissues investigated, including the brain (cortex and cerebellum). The hydroxylated metabolites of PCB 95 were detected in the liver and blood, but not the brain of animals exposed to PCB 95, which is in agreement with previous findings in mice (Kania-Korwel et al., 2012) . Nicotine co-exposure did not change levels of either the PCB 95 parent compound or its metabolites in any tissue investigated. We observed significant enantiomeric enrichment of the E 1 -PCB 95 enantiomer in the cortex. While enantiomeric enrichment of PCB 95 has also been observed in mice, in contrast to rat, E 2 -PCB 95 is enriched in the mouse brain (Kania-Korwel et al., 2012) . Co-exposure to nicotine had no significant effect on the enantiomeric enrichment of PCB 95 in the cortex or in peripheral tissues. Because the structurally related 2,2 0 ,3,3 0 ,6,6 0 -hexachlorobiphenyl (PCB 136) atropselectively affects neuronal connectivity (Pessah et al., 2009; Yang et al., 2014) , further studies are needed to assess the toxicological relevance of the highly species-dependent atropisomeric enrichment in rats versus mice.
The lack of effect of nicotine on the disposition of PCB 95 in the adult male rat brain most likely is due to the fact that CYP2B expression was not induced by nicotine treatment in any experimental group in our study. While our finding is consistent with a previous report that a 20 day exposure to tobacco smoke did not upregulate CYP2B1/2 in adult female Wistar rats (Czekaj et al., 2000) , it is in contrast to previous studies of adult male Wistar rats (Miksys et al., 2000; Khokhar et al., 2010) . One potential explanation for the discrepancy between our observations and these latter studies is the dose of nicotine used. While one of these latter studies (Miksys et al., 2000) did show increased CYP2B expression in the brain following 7 d of repeated injections of nicotine base at 300 mg/kg/d, these changes were primarily limited to the brain stem and olfactory cortex with no change in CYP2B mRNA in other brain regions and only modest (0.76-fold) increase in CYP2B protein in the frontal cortex. Significant increases in CYP2B mRNA and proteins levels in the frontal cortex, hippocampus and cerebellum were only observed in the brains of animals repeatedly injected with nicotine base at 1.0 mg/kg/d, which is approximately 3 times the dose we used (325 mg/kg/d, expressed as the free base).
Another key difference between our observations and the studies reported by the group that has demonstrated nicotine induction of brain CYP2B1 is that we did not detect constitutive expression of CYP2B1 mRNA in cortex, cerebellum and hippocampus or CYP2B protein in the cortex of adult male Wistar rats. While these findings agree with our previous observation that CYP2B1 mRNA is not detected in the adult Sprague Dawley rat Fig. 4 . Levels of OH-PCB 95 metabolites in (A) blood and (B) liver are not significantly altered by nicotine co-exposure in male Wistar rats. Data are from experimental groups (i) and (ii) as described in Section 2.2 and illustrated in Fig. 2 . Data are presented as the mean AE standard deviation (n = 4 animals per experimental group). No statistically significant differences between experimental groups were identified using Student's t-test at p < 0.05. Specific tissue levels of OH-PCB 95 metabolites are reported in Table S4. brain, even following treatment with the classic P450 inducers phenobarbital or dexamethasone at levels that induced hepatic P450 expression , and they are consistent with a previous study of CYP2B expression in the brain of adult female Wistar rats (Czekaj et al., 2000) , they are in contrast to studies that reported constitutive expression of CYP2B1 in the male rat brain (Miksys et al., 2000; Khokhar et al., 2010) . Differences in the animals' environment, including housing, husbandry and diet, may account for differences in the constitutive levels of CYP2B1 in the brain between studies (Ronis et al., 1999; Kozul et al., 2008) , which in turn may determine the response to nicotine.
An alternate explanation is that nicotine and/or PCB 95 altered the expression of P450 enzymes other than CYP2B1/2 and those changes offset the effect of nicotine on CYP2B1-mediated PCB 95 metabolism and/or changed the metabolism of nicotine itself. The latter possibility is suggested by evidence that PCBs can be metabolized by multiple P450s (Hrycay and Bandiera, 2003; Fig. 5 . Effect of nicotine and/or PCB 95 exposure on liver and brain CYP2B protein levels. Total protein of microsomes isolated from the liver and the cortex of rats treated with saline, nicotine, saline plus PCB 95, or nicotine plus PCB 95 (experimental groups (i)-(iv) as described in Section 2.2 and illustrated in Fig. 2) were separated by SDS gel electrophoresis and probed with a polyclonal antibody against CYP2B. Representative blots demonstrating detection of CYP2B (arrow) in liver (LV) but not cortical (CX) microsomes from (A) vehicle or nicotine-treated animals; (B) PCB 95-exposed animals; and (C) animals co-exposed to nicotine and PCB 95. GAPDH (arrowhead) was probed as a loading control. (D) Densitometric analyses of liver CYP2B protein normalized to GAPDH as a percentage of vehicle controls. Data are presented as box plots in which the horizontal line in each box represents the median, the boundary of the box represents the 25th-75th percentiles and the whiskers represent 1st-99th percentiles (n = 4 animals per experimental group). The CYP2B1/GAPDH densitometric ratio was significantly lower in the liver samples of animals co-exposed to PCB 95 and nicotine compared to animals exposed to nicotine alone (one-way ANOVA with Tukey post hoc test; *p < 0.05). B, loading buffer control; PB, liver microsomes from an adult male rat treated with phenobarbital; S, supersomes (recombinant rat CYP2B1). Fig. 2 ). The fold change in mRNA expression in tissues from nicotine-treated animals relative to vehicle controls was calculated using the REST2009 software (Qiagen), which incorporates C t and efficiency values determined by qPCR analysis . b # indicates significant downregulation of gene expression (p < 0.05). Warner et al., 2008; Kania-Korwel et al., 2012; Wu et al., 2013) , and that both nicotine and PCB 95 can influence their own toxicokinetics by regulating the levels of P450 enzymes that metabolize them (Dannan et al., 1983; Miksys et al., 2000; Twaroski et al., 2001; Gahrs et al., 2013) . However, in the present study, exposure to nicotine or PCB 95 alone or in combination did not cause widespread changes in the transcriptional profile of CYP1A2, CYP2B3 or CYP3A2 in the brain regions examined, in agreement with the lack of effect of classic P450 inducers on region-selective P450 expression of these transcripts in the rat brain . The one exception to this generalization was that exposure to nicotine for 3 d, but not 1 or 7 d, downregulated hippocampal CYP1A2 expression. Evidence for CY1A2 transcriptional regulation by nicotine in liver and/or brain has been shown in rodents (Anandatheerthavarada et al., 1993b; Price et al., 2004) , although in humans, nicotine has been reported to have no effect on CYP1A2 activity (Hukkanen et al., 2011) . CYP1A2 has been implicated in PCB metabolism (Fitzgerald et al., 2005; Zhou et al., 2010; Curran et al., 2011) ; however, whether its transient downregulation in the hippocampus is functionally relevant to PCB neurotoxicity has yet to be determined. Co-exposure to nicotine and PCB 95 significantly increased CYP3A2 and CYP2B1 mRNA in the liver. The increase in hepatic CYP2B1 mRNA was accompanied by a significant decrease in CYP2B protein in the liver. Discrepancies between CYP expression at the mRNA versus the protein level have been widely documented [reviewed by Collins et al. (2012) ], and in a recent study of puromycin amino-nucleoside-induced cytotoxicity in glomerular epithelial cells, increased CYP2B1 mRNA was observed as a consequence of decreased CYP2B1 protein (Tian et al., 2010) , suggesting the possibility that transcript levels are upregulated as a compensatory response to decreased protein levels. Collectively, these data support previous studies suggesting that transcriptional regulation of P450s in the brain is distinct from that in the liver (Meyer et al., 2007; Stamou et al., 2014) . Furthermore, these data suggest that nicotine and PCB 95 interact to alter P450 expression in the liver but not in the brain. However, these changes in hepatic CYP2B1 expression are likely transient (Lee et al., 2008) and, therefore, not sufficient to significantly alter PCB 95 disposition at the dose used in our study.
Conclusions
Our study is the first to demonstrate that PCB 95 is enantioselectively metabolized to potentially neurotoxic OH-PCBs (Niknam et al., 2013) in the male rat, with a pronounced enrichment of E 1 -PCB 95. However, in contrast to previous studies indicating that nicotine alters the kinetics and dynamics of neuroactive compounds metabolized by P450 enzymes, specifically chlorpyrifos (Lee et al., 2008) and propofol (Khokhar and Tyndale, 2011) , nicotine did not significantly alter the disposition or enantiomeric enrichment of PCB 95 in the brain or peripheral tissues of adult male rats in our study. This can be explained in large part by our observations that CYP2B1/2 protein is not expressed in the brain of male rats and nicotine treatment alone does not significantly alter the expression of CYP2B1/2 and other P450 enzymes in the brain or liver. Although our data strongly suggest that PCB 95 disposition is not affected by exposure to nicotine, the P450 gene expression changes observed in animals co-exposed to nicotine and PCB 95 indicate a previously unknown mixture effect on hepatic gene expression. Considering the rapidly increasing use of e-cigarettes, this observation warrants further investigation.
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